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A B S T R A C T
Wrapping technology is one of the effective ways of strengthening concrete elements.
Several researchers reported the effectiveness of Glass ﬁber reinforced polymers and
carbon ﬁber reinforced polymers for improving the strength of the concrete elements.
Wrapping on three sides is one of the effective methods for strengthening the beams
supporting slabs. Available literatures on the strength enhancement of “U” wrapped
concrete elements subjected to torsional loads do not give a detailed insight, whereas this
investigation is an attempt to address the issues with ferrocement “U” wrap. Ferrocement
“U” wraps are preferred over FRPs because of its cost factor. The “U” wraps are found to
provide better torque carrying capacity under all states of torsion while under reinforced
members provide better toughness over other states of torsion. Similarly completely over
reinforced beams provide more torque resisting capacity than the others. Increase of
torsional capacity is more prominent in states of torsion while improvement in torsional
strength with number of mesh layers in ferrocement “U” wrap is minimal.
ã 2016 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
A reinforced concrete (RC) structural element such as peripheral beams, ring beams at bottom of circular slab, beams
supporting canopy and other types of beams are subjected to torsional loading. Strengthening or upgrading becomes
necessary for these beams when they are unable to provide the resistance. Increased service loading, diminished capacity
through aging and degradation and more stringent updates in code regulations have also necessitated for the retroﬁtting of
existing structures [31]. Repair and strengthening of RC members can be done by epoxy repair, steel jacketing or by ﬁbre-
reinforced polymer (FRP) composite. Each technique requires a different level of artful detailing. Availability of labour, cost
and disruption of building occupancy plays major role to decide type of repair [24]. FRPs can be effectively used to upgrade
such structural deﬁcient reinforced concrete structures. Torsional retroﬁtting using FRP has received less attention
[15,29,37]. Strengthening structures with FRP increases the strength in ﬂexure, shear and torsion capacity as well as changes
the failure mode and failure plane [13]. In practice it is seldom possible to fully wrap the beam cross section due to the
presence of either a ﬂoor slab, or a ﬂange. However, most of the research on FRP strengthened RC members investigated
rectangular section fully wrapped with FRP [15,30,36,3] with the exception of a few studies that investigated T-beams with
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more effective than using the strips [15,30,9,14]. Recent studies have shown that the basic deformation of the torsionally
strengthened beams is similar to unstrengthened ones, however, the externally bonded limits the crack formation,
propagation, widening and spacing between cracks [17,3,9].
Retroﬁtting by FRP is restricted to developed countries and urban areas of developing countries due to their high cost
and skilled workmanship for its application [4]. It is well-known that although common concrete jackets enhance the
strength, stiffness and toughness and improve the overall performance, they exhibit substantial shortcomings. These
disadvantages are (a) the required labour-intensive procedures and (b) the increase of the member sizes, which reduces
the available ﬂoor space, increases mass, change in stiffness and alters the dynamic characteristics of the building. Steel
jacketing and FRP wrapping have the advantage of high strength and eliminate some of the limitations of concrete
jacketing. However, they have poor ﬁre resistance due to strength degradation of resin under moderate temperature. With
due consideration on simplicity and constructability, a rehabilitation method for beam–column joints using ferrocement
jackets with embedded diagonal reinforcements is proposed. Tests on reinforced concrete columns and beams
strengthened by ferrocement have shown signiﬁcant enhancement in strength [26]. From cost effective point of view and
also from strength point of view ferrocement may be a substitute for FRP as it possess high tensile strength, water
tightness and easy on application [2].
Ferrocement laminates in the form of Welded Wire Mesh (WWM) when encapsulated with a properly designed thin
mortar layer can provide good alternative and low-cost technique in strengthening and repairing different structural
elements for enhancing their load carrying capacities and ductility. Ferrocement meets the criteria of ﬂowability and
strength in addition to impermeability, sulfate resistance, corrosion protection and in some cases frost durability. Such
performance is made possible by reducing porosity, inhomogeniety, and microcracks in the cement matrix and the transition
zone [38]. The study by kumar et al. [25] under three different axial load ratios conﬁrmed that conﬁning columns using
ferrocement jackets resulted in enhanced stiffness, ductility, and strength and energy dissipation capacity. The mode of
failure could be changed from brittle shear failure to ductile ﬂexural failure. Experimental and analytical study of thin
concrete jacketing with self compacting concrete and “U” shaped stirrup was found to be beneﬁcial in changing stiffness and
altering the dynamic characteristics of the beam [11].
1.1. Signiﬁcance of present investigation
Torsion, due to its circulatory nature, can be well retroﬁtted by closed form of wrap. Few analytical and experimental
studies are found to quantify the torsional strength of FRP bonded full wrap [29,16,36,3,8]. But inaccessibility and
extension of ﬂanges over the web has necessitated strengthening the beams by “U” wrap rather than full wrap [5]. For
quantiﬁcation of torsional strength of “U” wrapped beams very few attempts have been taken by Panchacharam and
Belarbi and Deifalla et al. [30,12]. U-jacketed ﬂanged beams exhibited premature debonding failure at the concrete and the
FRP sheet adhesive interface [9]. From the above points, it is clear that the “U” wrapped beams cannot perform in the same
manner as that of full wrapped beams under torsional loading as it lacks one torsion resisting element(reinforcement) on
un-wrapped face.
The mentioned literature in the introduction substantially recommends ferrocement as a retroﬁtting substitution for
FRP. Few studies are available to quantify the torsional strength of ferrocement “U” wrapped beams. Experimental and
analytical estimation of torsional strength of “U” wrapped RC beams reported by the author earlier was limited to plain
beams only [5].
This paradigm motivated to take up the present investigation. The torque-twist response of reinforced beams is
characterized by different salient stages such as elastic, cracking and ultimate stages [7,5]. Elastic and cracking torque of a
beam is dependent upon its constituent materials and cross sectional area [1,7]. The reinforcement provided in longitudinal
and transverse direction controls the torque twist response in the post cracking stage [27,33,31,32,7]. Literature review
reveals that the torsional response of a wrapped beam is dependent on aspect ratio, constituent materials of core and
wrapping material [35,34,28]. A beam if wrapped with ferrocement “U” wrap, then its torque twist response is inﬂuenced by
ferrocement wrap (ferrocement matrix strength and number of layers along with reinforcement in the core) and states of
torsion. The four possible states of torsion (arrangement of reinforcement in longitudinal and transverse direction that can
be arranged in a beam) are as follows
i. Under reinforced beams.
ii. Longitudinally over reinforced and transversely under reinforced.
iii. Longitudinally under reinforced and transversely over reinforced.
iv. Completely over reinforced.
The objective of the present experimental study is to evaluate the effectiveness of the use of number of mesh layers on the
“U” wrap and the states of torsion. In the present investigation mesh layers are varied on four possible cases of arrangement
of reinforcement, keeping ferrocement matrix strength, core concrete strength and aspect ratio constant.
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method of retroﬁtting on existing reinforced concrete structures for enhancing torsional resistance. This also gives a basis to
check the accuracy of an analytical model if developed.
2. Experimental program
To study the above mentioned parameters, 12 beams are cast and tested under pure torsional loading. The variations
considered are the number mesh layers in the ferrocement ‘U’ wrap and the state of torsion. To study the effect of number of
mesh layers on torsional strength of four possible cases of states of torsion, the number of mesh layers is varied as 3, 4 and 5.
The other parameters such as ferrocement matrix (mortar cube compressive strength 40 MPa), core concrete (cube
compressive strength of 35 MPa) and aspect ratio (2) for all beams are maintained constant.
Rectangular beams of size (125 mm  250 mm) which includes a 25 mm thick ferrocement wrapping with layers of
mesh wire are cast. In all cases the jacket comprises a remarkably thin layer of ﬁne-aggregate concrete, not exceeding
25 mm in thickness. Torsional loading induces spiral cracking approximately inclined at 45 to the longitudinal direction of
the beam. To allow this pattern of cracking and to form two complete spirals in the central test region of the beam, a length
1500 mm is required. In order to hold the specimen and to apply the torque, the end zones are heavily reinforced for a
length of 250 mm on either side of the beam. Thus, the total length of the beam is ﬁxed as 2000 mm. In under reinforced
section the amount of reinforcement provided in longitudinal and transverse direction are less than that are required for
torsionally balanced section. In longitudinally over reinforced sections less amount of reinforcement in transverse
direction and more amount of reinforcement in the longitudinal direction than the reinforcement required for torsionally
balanced sections are provided. In transversely over reinforced sections more amount of reinforcement in transverse
direction and less amount of reinforcement in the longitudinal direction than the reinforcement required for torsionally
balanced sections are provided. In completely over reinforced sections more amount of reinforcement in transverse
direction and longitudinal direction than the reinforcement required for torsionally balanced sections are provided. All
details of the beams tested in this investigation are presented in Table 1. A typical sketch of the cross section of the
wrapped RC beam is shown in Fig. 1.
Co5N represents a beam of size (125 mm  250 mm), Co stands for completely over reinforced, numeric 5 represents
number of mesh layer and N stands for concrete of strength 35 MPa. So, Co5N represents a completely over reinforced beam
with 5 numbers of mesh layers in ferrocement zone with mortar grade 40 MPa and concrete of 35 MPa in the core. To4N
represents a beam of size (125 mm  250 mm), To stands for transversely over reinforced, numeric 4 represents number of
mesh layer and N stands for concrete of strength 35 MPa. The control beams without any reinforcement in core concrete are
cast with three, four and ﬁve numbers of mesh layers in ferrocement “U” wrap taking same aspect ratio (2), the grade of
ferrocement matrix constant (Q = 40 MPa) and core concrete strength (N = 35 MPa). BQ4N is a beam of size (125 mm  250
mm) having aspect ratio 2, mortar of grade 40 MPa with 4 numbers of mesh layers in ferrocement shell and core concrete of
35 MPa without any reinforcement.
2.1. Material and material properties
a) Cement
Ordinary Portland cement of 53 grade conforming to Indian Standard [21] is used throughout the experimental program.
The standard consistency is 28% where as the initial and ﬁnal setting time is 95 min and 210 min respectively. The speciﬁc
gravity of cement is 3.14 and its compressive strength after 28 days is found to be 57 MPa.
b) Coarse aggregate
Crushed hard granite stone of maximum size 20 mm is used for concrete. The bulk density of aggregates is 16.95 kN/m3
and speciﬁc gravity is found 2.65.
c) Fine aggregate
IFIC (International Ferrocement Information Centre, 2001) suggests that the size of sand particle in ferrocement matrix
should not be more than one half of the opening of mesh. The mesh opening is 6.35 mm. The river sand passing through
the 1.18 mm sieve is used in the ferrocement matrix preparation. The speciﬁc gravity of sand is 2.65. The bulk density is
found 16.05 kN/m3.
Fine aggregate used for this entire investigation for concrete is river sand conforming to zone-II of IS-383 [22]. The
ﬁneness modulus is 2.81.
d) Water
Potable water is used for casting as well as curing as per IS-456 [23].
e) Super plasticizer
To achieve both strength and a workable mortar, a regulated dosage of super plasticizer CONPLAST SP-337 of FOSROC
chemicals is used.
f) Wire meshes
Galvanized steel woven wire meshes are used for “U” wraps. The diameter of wire is 0.72 mm, yield strength 250 N/mm2
and centre to centre spacing of wires is 6.35 mm.
Fig. 1. Cross section of tested beam.
Table 1
Details reinforced normal strength beams and control specimen mesh wire diameter = 0.72 mm.
Sl.
no.
Series Designation Dimension
(mm)
Compressive strength Reinforcement details
Ferrocement
matrix
(MPa)
Concrete
(MPa)
Core reinforced concrete Outer
wrap
Longitudinal steel Transverse steel
No. of
mesh
layers
(yield
strength
of wire
mesh
250 MPa)
Diameter, No.
of bars
Yield
strength
(MPa)
Diameter,
Spacing
Yield
Strength
(MPa)
1 Plain beams BQ3N 125  250 40 35 3
2 BQ4N 125  250 40 35 4
3 BQ5N 125  250 40 35 5
4 U
Under reinforced beams
U3N 125  250 40 35 6 mm, 4 nos 350 6 mm @
100 mm c/c
350 3
5 U4N 125  250 40 35 6 mm, 4 nos 350 6 mm @
100 mm c/c
350 4
6 U5N 125  250 40 35 6 mm, 4 nos 350 6 mm @
100 mm c/c
350 5
7 L
Longitudinally over
reinforced beams
Lo3N 125  250 40 35 12 mm, 4 nos 440 6 mm @
100 mm c/c
350 3
8 Lo4N 125  250 40 35 12 mm, 4 nos. 440 6 mm @
100 mm c/c
350 4
9 Lo5N 125  250 40 35 12 mm, 4 nos 440 6 mm @
100 mm c/c
350 5
10 T
Transversely over
reinforced beams
To3N 125  250 40 35 6 mm, 4 nos 350 8 mm @
100 mm c/c
465 3
11 To4N 125  250 40 35 6 mm, 4 nos 350 8 mm @
100 mm c/c
465 4
12 To5N 125  250 40 35 6 mm, 4 nos 350 8 mm @
100 mm c/c
465 5
13 C
Completely over
Reinforced beams
Co3N 125  250 40 35 12 mm, 4 nos 440 8 mm @
100 mm c/c
465 3
14 Co4N 125  250 40 35 12 mm, 4 nos 440 8 mm @
100 mm c/c
465 4
15 Co5N 125  250 40 35 12 mm, 4 nos 440 8 mm @
100 mm c/c
465 5
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6 mm, 8 mm and 10 mm diameter bars with yield stress 350 N/mm2, 465 N/mm2 and 445 N/mm2 respectively are used in
the entire experimental study.
2.2. Casting of specimen
a) Mesh layer preparation
The required length of mesh layer is cut from the 1200 mm wide mesh roll up to a length 1980 mm and bent to the desired
shape. All the layers required for a beam are prepared in the same manner and arranged one above the other. The layers
are separated by smaller diameter spacer bars.
b) Preparation of end cage
To force the failure to the middle zone of beam, the ends are reinforced heavily. Care is taken to avoid congestion of
reinforcement in the end region.
c) Casting
Specimens are cast in two stages seamlessly. First ferrocement “U” wraps is cast and then central core concrete along with
reinforcement is cast. Mesh layers are cut according to the required size and bent to the “U” shape. Temporary spacer bars
are used to maintain spacing of mesh layers and are kept in the mould for casting of ferrocement “U” wrap. The cement
mortar is placed in the bottom of the mould up to a depth of 25 mm. Wooden piece of concrete core size is put in the
mould and mortar is poured from top to ﬁll up the sides of wrap with continuous vibration. Then the wooden piece of
concrete core size is carefully removed before the initial setting time of cement. The reinforcement cage is put in the
concrete core portion in proper position. As on the ends, torsion is to be applied, that portion is reinforced sufﬁciently
both in longitudinal and transverse direction to avoid local crushing. Core is ﬁlled with concrete and vibrated. The casting
procedure thus differs than that from the strengthening process in the practice. After 24 h of casting, the specimens are
removed from the moulds and are kept in water tank for curing. Fig. 2 shows the arrangement of reinforcement.
Fig. 2. Beam with ferrocement wrap and reinforcement to be ﬁlled with core concrete.Fig. 3. Torsion test rig.
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a) Pre-testing arrangements
The test specimen and companion specimens are removed from the water tank and allowed for surface dry and then
whitewashed. The actual cross-sectional dimensions of the specimen are measured.
b) Testing
During testing, one end of the beam is supported on rollers, while the other end is supported on rigid support. This type of
test setup facilitates free rotation of the beam on roller end. Specially made twist arms are placed at either supports of the
beam having an arm length of 1.5 m. Load on the twist arm is applied through a mechanical screw jack. Absolute care is
exercised, such that, the plane of loading and twisting arm are perpendicular to the longitudinal axis of the beam. This
avoids any possibility of bending of the beam instead of twisting. Thus the beam between the two supports is subjected to
pure torsion. To avoid local crushing of concrete near the supports, neoprene pads are placed between the sides of the
beam and the steel plates of the twisting arms. The complete test set-up has been presented in Fig. 3. Load is applied at an
eccentricity of 1.47 m from the longitudinal axis of the beam. Load measurement is monitored with the help of a proving
ring. At the restraining end also a proving ring is placed to verify the reaction torque. Specially prepared twist meters are
used to measure the twist of the beam. The experimental results of beams are presented in Table 2.
3. Results and discussion
The ferrocement “U” wrapped beams cast with different proportions of longitudinal and transverse reinforcement is
tested under pure torsional loading. The torque twist response and the behavioral aspect the beams tested are presented in
this section.
3.1. Torsional behavior of plain RC beams with ferrocement “U” wrap
The torque-twist response of ferrocement “U” wrapped beam is found to be nearly linear. This linearity ends once the
torque reaches to elastic torque. Torque beyond this point of inﬂection is almost coincides with the onset of cracking on the
specimen. The physical observation when correlated with the torque-twist behavior gives an understanding that the
stiffness has reduced after initiation of this micro-cracking. Visible crack is noticed beyond certain stage at the end of the
linearity in the torque-twist diagram. That means, in between the stage from change of linearity to formation of visible crack,
there could have been formation of few micro-cracks and stiffness might have been reduced. So, the micro-cracking stage is
initiated from change of linearity and ends with formation of ﬁrst macro crack. The macro crack is nothing but formation of a
potential crack that could be visible to naked eye. The torque-twist diagram of all three plain “U” wrapped beams (control
specimens) are presented in Fig. 4. The behavior explained above can be noticed from these experimental torque-twist
curves.
BQ3N, BQ4N and BQ5N are cast as control specimen. All the three beams failed with a single potential crack developed in
the middle of the unwrapped concrete face i.e., top face. This may be due to fact that induced shear stress by applied torsion is
more than the shear strength of concrete provided on the un-wrapped face of the beam [6]. Similar behavior of formation of
Table 2
Experimental results of RCC “U” wrapped normal strength beams.
Beam Experimental Torsional stiffness (kN m2) Expt. torque (kN m) Expt. toughness
(kN m/m)
Expt. twist (rad/m) mr = (uTmax/
uTcr)
Initial Secant stiffness at
cracking
Secant stiffness at
ultimate
Cracking Ultimate Cracking Ultimate
BQ3N 1337 993 5.415 0.01731 0.00545 0.00545 1.00
BQ4N 1458 1021 5.415 0.017 0.0053 0.0053 1.00
BQ5N 1403 1027 5.491 0.01767 0.00523 0.00523 1.00
U3N 1456 1044 30 5.53 5.816 0.7726 0.0053 0.155 29.25
U4N 1456 1059 42.97 5.61 6.01 0.8 0.0053 0.14 26.42
U5N 1470 1059 49.8 5.615 6.01 0.83 0.0053 0.12 22.64
Lo3N 1455 1057 57.15 5.816 6.899 0.6126 0.0055 0.1207 21.95
Lo4N 1475 1067 61.84 5.816 6.939 0.6177 0.0055 0.1122 20.40
Lo5N 1482 1067 95.09 5.816 6.979 0.627 0.0055 0.0995 18.09
To3N 1453 1042 43.11 5.735 6.899 0.766 0.0055 0.16 29.09
To4N 1453 1052 54.75 5.73 7.38 0.81 0.0054 0.1348 24.96
To5N 1477 1062 70.19 5.73 7.86 0.865 0.0054 0.112 20.74
Co3N 1535 1067 85.95 5.816 9.105 0.7469 0.0055 0.125 22.73
Co4N 1545 1077 95.5 5.816 9.426 0.7734 0.0054 0.11 20.37
Co5N 1582 1084 98.23 5.85 9.62 0.7957 0.0054 0.098 18.15
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respectively. The ultimate failure occurred due to widening of crack on un-wrapped face. A single crack is found on the un-
wrapped face having inclination of approximately 45 with the longitudinal axis of all the beams. The crack initiated on the
unwrapped face may be due to the fact that induced shear stress by applied torsion is more than the shear strength of
concrete provided on the un-wrapped face of the beam [6].
3.1.1. Ultimate torque, crack angle
The ultimate torque of control specimens BQ3N, BQ4N and BQ5N are found to be 5.415 kNm, 5.415 kNm and 5.491 kNm,
respectively. The torsional strength of same size of beam (125 mm  250 mm) without considering jacketing calculated by
the Hsu’s skew bending theory [20] with same core concrete (35 MPa) is found to be 3.66 kNm It is evident from this result
that a plain concrete beam even if wrapped in three sides, there is a substantial increase in torque. This proves the
effectiveness of ferrocement “U” wrap in torsional retroﬁtting. The theoretical crack angle for concrete and ferrocement face
should be 45 [15] due to same volume fraction of reinforcement in jacketed faces of plain beams as square mesh is provided.
The experimental crack angles for concrete un-wrapped face and ferrocement longer face are found to be very close to 45

.
3.1.2. Effect of number of layers
In ferrocement wrapped concrete beams, the most important parameter inﬂuencing torque-twist response is number of
mesh layers. The ultimate torque of the beam with three layers is found to be nearly equal with four layers and ﬁve layers.
This is due to the fact that the crack is initiated on un-wrapped face for three layers also. Increasing the number of layers
beyond three layers only increases the tensile strength of ferrocement, but unable to change the failure plane. The ultimate
twist of beams BQ3N, BQ4N and BQ5N are found to be 0.00545 rad/m, 0.0053 rad/m and 0.00523 rad/m respectively. The
twist beyond elastic torque is found to be decreasing for increasing number of layers due to increasing in torsional rigidity.
Torsional toughness of the member is indicated by the area under torque twist response. The toughness is found to be
0.00173 kNm/m, 0.00171 kNm/m and 0.00176 kNm/m for beams wrapped with three, four and ﬁve layers respectively. There
is no such variation in the toughness values with variation of number of layers.
3.2. Torsional behavior of rc beams with ferrocement “U” wrap
The torque-twist response of a reinforced concrete beam is inﬂuenced by the states of torsion. For a ferrocement wrapped
beam the states of torsion and ferrocement wrap inﬂuence the torsional behavior.
3.2.1. General behavior
The ﬁrst crack is noticed on the un-wrapped face of each beam irrespective of the category to which the member belongs
to. This may be due to the fact that the tensile resistance of ferrocement is high compared to that of concrete. With
subsequent loading beyond the ﬁrst crack, small discrete cracks appeared on wrapped faces with the formation of new cracks
on the un-wrapped face. During the formation of new cracks on the wrapped faces, the member got twisted more indicating
a drop in the stiffness. The member on further loading up to ultimate torque the cracks on the unwrapped face got widened
and the multiple cracking is noticed on the wrapped faces. This is a typical response of ferrocement. This response is
attributed to the fact that the continuously aligned mesh reinforcement in the ferrocement imparts high ductility to the
material thereby allowing numerous cracks to form. Unlike plain wrapped beams, these beams are capable of resisting load
beyond cracking. Beyond ultimate torque, all “U” wrapped beams showed post peak drooping. The twist corresponding to
the cracking torque is referred as cracking twist. Initial stiffness is taken as the slope of the torque-twist response in the un-
cracked region of the beam. The ultimate torque is maximum torque that the member has sustained and the corresponding
Fig. 4. Torque twist response of control specimens.
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found to be varying from 39.12 to 42.63 on un-wrapped face and from 47.68 to 52.22 on wrapped faces.
There is increase in torsional strength in each state of torsion with increase in number of mesh layers. The beams with
completely over reinforced sections showed more cracks on the wrapped faces. All beams failed with widening of cracks on
the un-wrapped face. On further attempts of loading beyond the ultimate, de-bonding of ferrocement layer is noticed at the
interface of concrete and ferrocement .Snapping of ferrocement wires is also observed.
The torque-twist diagrams of all the beams are presented in Fig. 5. The experimental cracking torque, ultimate torque,
stiffness, toughness and ductility of these beams are tabulated in Table 2. Cracking torque is found to be increasing a little
with increase in the amount of longitudinal reinforcement as observed by earlier researcher [20].
3.2.2. Under reinforced beams
U3N, U4N and U5N are cast to study torque-twist response of under reinforced concrete with main reinforcement
(longitudinal and transverse) are lower than torsionally balanced reinforcement. Torque-twist responses of these individual
beams are plotted in Fig 5(a).
a) Torque
Cracking torques of the beams U3N, U4N and U5N are found to be 5.53 kNm, 5.61 kNm, and 5.61 kNm respectively while
the ultimate torque values are found to be 5.816 kNm, 6.01 kNm and 6.01 kNm, respectively. The above values shows that
there is an increase of 3.69% in cracking torque for beam U4N over BQ4N and the same for ultimate torque is 11.09%. From
this, it can be concluded that the increase in cracking torque of under reinforced “U” wrapped beam is marginal where as
the increase in ultimate torque is considerable. The increase in ultimate torque is found to be more due to participation of
reinforcement in post cracking stage.
b) Twist
The twist at the ultimate torque of the beams U3N, U4N and U5N are found to be 0.155 rad/m, 0.14 rad/m and 0.12 rad/m
respectively. There is marginal improvement of torsional strength of these beams U3N, U4N and U5N over the plain “U”
wrapped normal strength concrete beams, but the rotational capacity of U3N at ultimate increased by 28.70 times over
the plain “U” wrapped beam BQ3N. The same is increased by 26.41 and 23.07 times for U4N and U5N over their plain
beams BQ4N and BQ5N respectively. This showed remarkable improvement on rotation capacity over the plain beams.
c) Stiffness
The initial stiffnesses of these beams are same as their plain “U” wrapped beams, but there is drastically reduction in the
secant stiffness at ultimate torque which allowed the beams for large rotations. This implies that the reinforcement in the
core concrete improves the rotational capacity of the beams. The secant stiffness at ultimate torque of these three beams
30 kNm2, 42.97kNm2 and 49.8 kNm2, respectively.
d) Toughness
The experimental toughness of under reinforced beams U3N, U4N and U5N are found to be 0.77 kNm/m, 0.80 kNm/m and
0.83 kNm/m and reported in Table 2. The ratio of toughness of these beams U3N, U4N and U5N with respect to their plain
beams BQ3N, BQ4N and BQ5N are found to be 45.44, 46.21 and 45.42, respectively. The toughness is also found increasing
with increase in number of layers, but this increase is very marginal.
e) Ductility
For a thorough understanding and evaluation of the ferrocement wrap contribution on the response and for comparison
reasons of test results in terms of ductility. Here rotational ductility index is introduced. Rotational ductility index (mT) is
expressed as the ratio of twist at maximum torque (uTmax) to twist at cracking torque (uTcr) [10]. Average ductility index
for control specimens without core reinforcement is found to be 1.0. Average rotational ductility for under reinforced
beams is found to be 26.10 which is the maximum in comparison to other states of torsion.
3.2.3. Longitudinally over reinforced beams
The beams in this series are cast to study the torsional response of longitudinally over reinforced beams with three, four
and ﬁve numbers of mesh layers in the wrapping portion. Torque twist response is plotted in Fig 5(b).
a) Torque
The failure is on the un-wrapped face due to yielding of transverse reinforcement in that face. The cracking torque of all
these longitudinally over reinforced beams are found to be 5.816 kNm. The ultimate torques of the beams is found to be
6.899 kNm, 6.939 kNm and 6.979 kNm for beams Lo3N, Lo4N and Lo5N, respectively. There is increase in cracking strength
over the plain “U” wrapped beams. The increase in cracking torque of these longitudinally over reinforced beams are
found to be 7.5%, 7.5% and 5.82% over their plain “U” wrapped beams. The cracking torque for Lo3N, Lo4N and Lo5N are
found 84.30%, 83.81% and 83.36% of their ultimate torques, respectively. The beams showed 27.52%, 28.62% and 27.12%
increase in ultimate strength over the plain jacketed beams.
b) Twist
The ultimate twists of these beams Lo3N, Lo4N and Lo5N are found to be 0.1207 rad/m, 0.1122 rad/m and 0.09636 rad/m.
Fig. 5. Torque twist response of tested reinforced specimens.
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The initial stiffness are found to be 1455 kNm2, 1475 kNm2 and 1482 kNm2 for beams Lo3N, Lo4N and Lo5N, respectively.
The secant stiffnesses of these beams at the ultimate torques are found to be 57.15 kNm2, 61.84 kNm2 and 95.09 kNm2. The
secant stiffness at ultimate torque of these beams are found to be more than the under reinforced beams. These beams
could not undergo more twist compared to the under reinforced beams due to higher stiffness.
d) Toughness
The toughness of the beams Lo3N, Lo4N and Lo5N are found be 0.6126 kNm/m, 0.6177 kNm/m and 0.627 kNm/m
respectively. The toughness of these beams are less in comparison to the under reinforced beams due to the fact that the
under reinforced beams has undergone maximum rotation. The toughness of these beams increased by 35.39, 36.33 and
35.48 times over their control specimens BQ3N, BQ4N and BQ5N, respectively.
e) Ductility
Average rotational ductility for longitudinally over reinforced beams is found to be 20.14.
3.2.4. Transversely over reinforced beams
Experimental study shows that the transversely over reinforced beams (“T” series) with “U” wraps provide more torsional
resistance than the longitudinally over reinforced “U” wrapped beams. The torque-twist response of transversely over
reinforced beams is plotted in the Fig. 5(c). The ultimate failure is on the un-wrapped face due to yielding of longitudinal
reinforcement in that face.
a) Torque
The cracking torque of these beams is found to be 5.73 kNm for all these beams. The cracking torque is also found to be less
in comparison to longitudinally over reinforced beams. The ultimate torques of these beams To3N, To4N and To5N are
found to be 6.899 kNm, 7.38 kNm and 7.86 kNm, respectively. The increase in ultimate torque of these beams To3N, To4N
and To5N over their companion beams BQ3N, BQ4N and BQ5N are found to be 27.35%, 36.41% and 43.16%, respectively.
This shows there is a noticeable amount of increase in ultimate torque. The reason for this may be due to participation of
longitudinal wires present in the jacketing would have acted as longitudinal reinforcement of core concrete. The same
behavior is not noticed in longitudinally over reinforced beams as the transverse wires present in the jacketing are not
continuous in the transverse direction. The ultimate torque of beam To4N is 7.11% more than that of To3N and To5N is
more than 14.07% of beam To3N. The rate of enhancement of ultimate torsional strength of this series with respect to
number of mesh layers is more in comparison to other states of torsion. The ultimate torque is increased by 20.29%, 28.80%
and 37.17% over their cracking strength for beams To3N, To4N and To5N, respectively.
b) Twist
The beams had undergone maximum twist next to the under reinforced series of beams. The ultimate twist of these
beams is found to be 0.16 rad/m, 0.1348 rad/m and 0.112 rad/m for beams To3N, To4N and To5N, respectively.
c) Stiffness
The initial stiffness of these beams To3N, To4N and To5N are found to be 1453 kNm2, 1453 kNm2 and 1477 kNm2,
respectively. The secant stiffness at cracking of these beams is found to be 1042 kNm2, 1052 kNm2 and 1062 kNm2,
respectively. Due to decreased secant stiffness at ultimate torque, the beams are undergone more twist.
d) Toughness
The increase in torque and twist of transversely over reinforced beams provides more toughness than the longitudinally
over reinforced beams. The toughness of these beams is found to be 0.766 kNm/m, 0.81 kNm/m and 0.865 kNm/m. The
toughness of beam To3N, To4N and To5N increased by 25.04%, 31.13% and 37.95% over the toughness of beams Lo3N, Lo4N
and Lo5N, respectively.
e) Ductility
Average rotational ductility for transversely over reinforced beams is found to be 24.93.
3.2.5. Completely over reinforced beams
The ultimate failure plane of a completely over reinforced “U” wrapped beam is on un-wrapped face. This is only due to
crushing of concrete at ultimate torque. So, a beam completely over reinforced, provides higher ultimate torque than any
other states of torsion. To verify whether the over reinforced beams are capable of resisting more torsional loads in
comparison of other states of torsion and to observe the effect of number of layers on completely over reinforced beams,
three over reinforced beams are tested. The beams in this series are designated as Co3N, Co4N and Co5N. The experimental
torque-twist response of these three beams is presented individually in Fig 5(d).
a) Torque
The completely over reinforced beams showed maximum increase in the cracking torque over other category of beams.
The cracking torque for Co3N and Co4N beams are found to be 5.81 kNm, same as the longitudinally over reinforced
beams and cracking torque for beam Co5N is found to be 5.85 kNm. Cracking torque of BQ5N, U5N, Lo5N and To5N are
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inﬂuenced with longitudinal reinforcement than the transverse reinforcement and same has been reported by Hsu [20].
The ultimate torques of these beams is 9.015 kNm, 9.426 kNm and 9.62 kNm respectively for beams Co3N, Co4N and
Co5N. The increase in ultimate torque of these beams Co3N, Co4N and Co5N with respect to their companion beams
BQ3N, BQ4N and BQ5N are found to be 66.38%, 74.23% and 75.22%, respectively. These beams showed maximum increase
in ultimate torque over their respective plain “U” wrapped beams BQ3N, BQ4N and BQ5N in comparison to all states of
torsion. The increase in ultimate torque of Co4N over Co3N is 4.5% while the same is 6.71% for Co5N over the beam Co3N.
b) Twist
The twist is decreased as compared to other beams due to participation of more of reinforcement in the post cracking
stage. The twists at the ultimate torque of beams Co3N, Co4N and Co5N are found to be 0.125 rad/m, 0.11 rad/m and
0.098 rad/m, respectively.
c) Stiffness
The secant stiffness at cracking torque of these beams are found to be 1067 kNm2, 1077 kNm2 and 1084 kNm2 respectively
for the beams Co3N, Co4N and Co5N, respectively. The ratios of initial stiffness to secant stiffness at ultimate torque are
found to be 17.86, 16.17 and 16.10 for Co3N, Co4N and Co5N, respectively.
d) Toughness
For a particular torque, stiffness of the over reinforced members are noticed to be more than other members due to more
reinforcement. But increase in torque carrying capacity of completely over reinforced beams provides more toughness to
the beams in spite of lower twist values. The toughness of beams Co3N, Co4N and Co5N are found to be 0.7469 kNm/m,
0.7734 kNm/m and 0.7957 kNm/m. The toughness of Co4N and Co5N over Co3N is increased by 3.54% and 6.53%,
respectively.
e) Ductility
Average rotational ductility for completely over reinforced beams is found to be 20.42.Fig. 6. Crack pattern of beam Co4N.
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a) Crack pattern and crack angle
The crack pattern of reinforced beam Co4N is presented in Fig. 6. The spirals are formed in each beam. Less number of
cracks is found in the beams provided with single type of reinforcement. However the crack angles are found to be varying
with different states of torsion. The angles on wrapped and un-wrapped face are measured after the ultimate failure.
Experimental crack angles are tabulated in Table 3. Crack angles are found to be varying from 35.590 to 43.24 for concrete
face for beams tested under different torsional states mentioned above. The crack angles are found experimentally
varying from 47.68 to 57.39 for ferrocement faces. The variation in crack angle is due to different percentage of
reinforcement in longitudinal and transverse reinforcement [18].
b) Torque
The cracking torque of the reinforced concrete beams are found to be varying with states of torsion. The increase in
cracking torque is found to be dependent on amount of longitudinal reinforcement in core. The variation of cracking
torque with respect to number of layers for different states of torsion is presented in Fig. 7. The cracking torque is found to
be independent of number of layers in a particular state of torsion as the variation is very marginal.
Table 3
Crack angle at failure.
Beams Crack angle (degrees)
Analytical Experimental
Concrete Ferrocement Concrete Ferrocement
L3N 44 47.23
L4N 44.63 45.95
L5N 46.28 48.67
T3N 45.67 46.63
T4N 46.76 46.81
T5N 45.94 46.81
U3N 42.153 55.113 42.4 51.99
U4N 39.059 54.591 39.12 51.17
U5N 36.623 50.426 40.28 50.22
Lo3N 32.727 43.717 37.32 48.94
Lo4N 29.966 43.596 35.59 47.72
Lo5N 28.010 43.235 35.27 47.68
To3N 44.719 62.876 43.24 55.9
To4N 44.702 60.493 43.24 57.39
To5N 44.662 58.006 40.27 56.18
Co3N 38.978 52.598 40.13 50.95
Co4N 38.812 51.429 42.63 50.22
Co5N 38.726 49.950 40.13 47.68Fig. 7. Variation of cracking torque with number of layers.
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in ultimate torque increased with state of torsion from under reinforced state to longitudinally over reinforced,
transversely over reinforced and completely over reinforced state. The ultimate torque of BQ4N, U4N, Lo4N, To4N and
Co4N are found to be 5.415 kNm, 5.61 kNm, 5.816 kNm, 5.73 kNm and 9.426 kNm, respectively. From the point of torsional
resistance, completely over reinforced sections are more effective than other states of torsion. There is not much
improvement in torsional strength in any series (state of torsion) with increase in number of layers. The ultimate torque in
every series is more for higher number of mesh layers, however the increase in the torsional strength with number of
mesh layers is pronouncing in transversely over reinforced members only.
Fig. 8. Comparison of torque twist response of RC beams with different states of torsion and four layers of mesh reinforcement in ferrocement wrap Vs
control specimen BQ4N.Fig. 9. Variation of percentage of ultimate torque over their respective cracking torque.
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other cases there is premature failure of beams due to yielding of reinforcement. The percentage increase in ultimate
torque with respect to their cracking torque for different states of torsion for different layers shown in Fig. 9 highlights the
rate of increase is more for transversely over reinforced beams. When the increase in ultimate torque with different states
of torsion are expressed with respect to their ultimate strength of plain “U” wrapped beams in Fig.10, it is found that there
is little increase for under reinforced beams. There are considerable increases for transversely over reinforced and
completely over reinforced section. From the graph showed in the Fig.10, it can be inferred that the percentage increase in
torque over plain beams is more in completely over reinforced beams.
c) Twist
The ultimate twist depends on the state of torsion. The under reinforced sections got twisted more for lower number of
layers due to less post cracking rigidity. A graph is plotted between ultimate twist with number of layers for different
states of torsion in Fig. 11. The ultimate twist of plain wrapped beams with different layers is plotted in the same ﬁgure.
The ultimate twist of plain beam with same compressive strength of core concrete calculated from torsion formulae is
also plotted in the same one. It showed that the wrapped reinforced beams had undergone large amount of twist over the
plain beams and plain “U” wrapped beams.
Fig. 10. Percentage increase in ultimate torque over their plain beams.Fig. 11. Variation of ultimate twist with no. of mesh layers for different states of torsion.
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Experimental Initial stiffness, secant stiffness at cracking torque and secant stiffness at ultimate torque values, cracking
and ultimate torque are reported in the Table 2. Initial stiffness of the beams are found to be invariable but secant stiffness
at cracking torque and secant stiffness at ultimate torque are found to be varying with the states of torsion. There is
maximum decrease in post cracking torsional stiffness for under reinforced beams provided with less number of mesh
layers in the wrapping. There is maximum reduction in secant stiffness at ultimate torque for under reinforced beams
followed by transversely over reinforced beams. The ratio of initial stiffness to secant stiffness at ultimate torque for
different states of torsion is plotted in Fig. 12. But there is no such variation in the secant stiffness at cracking torque. The
ratio of initial stiffness to secant stiffness at cracking torque varies from 1.37 to 1.46.
e) Toughness
Energy absorption capacity of the beam is known as toughness and calculated as the area under torque-twist diagram. The
toughness of beams under different states of torsion with variation on the number of layers is plotted in Fig. 13. The
toughness of the under reinforced beams, transversely over reinforced beams are found to be more than completely over
reinforced beams. This reduction in toughness of completely over reinforced beams is very less. The toughness of
longitudinally over reinforced beams is found very less when compared to other mentioned series. Variation of toughness
in a particular series with respect to number of layers is found to be more in transversely over reinforced beams followed
Fig. 12. Variation of ratio of initial stiffness to secant stiffness at ultimate torque with number of layers.Fig. 13. Variation of toughness at ultimate torque with number of layers for different states of torsion.
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BO4N and BO5N respectively. From toughness point of view, the transversely over reinforced beams have shown better
response, but from both strength and toughness view point completely over reinforced beams showed better response.
5. Conclusion
From the analytical model developed and experimental study for torsional behavior of “U” wrapped plain and reinforced
concrete beams, the following conclusions are drawn.
1. The increase in number of layers of mesh reinforcement in the ferrocement wrapping does not enhance the torsional
strength for any state of torsion noticeably.
2. Under reinforced beams with ferrocement “U” wrapping showed better rotation capacity compared to beams falling
under other states of torsion.
3. Toughness of transversely over reinforced ferrocement “U” wrapped beams and ductility of under reinforced ferrocement
“U” wrapped beams are more prominent than that of beams of other states of torsion.
4. The experimental results reveal that the torque twist response of a ferrocement “U” wrap beam is more inﬂuenced by the
state of torsion than the amount of ferrocement reinforcement. Completely over reinforced beams are found to be more
effective in resisting torque than other states of torsion.
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